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Abstract. The sea breeze (SB) is a thermally induced
boundary layer phenomenon that occurs at coastal locations
throughout the world. Previous satellite remote sensing stud-
ies used low-level clouds formed over the sea-breeze con-
vergence zones to identify the SB. In this study continuous
thermal infrared data from a geostationary satellite (Meteosat
Second Generation) and concurrent ﬁeld measurements were
used to detect and characterize the SB in clear sky conditions
during the summer. Surface data (wind speed and direction)
from 11 sites over Israel for ten summer days in July 2010 for
three different synoptic circulation categories were selected.
In order to assess the impact of the synoptic induced ﬂow
on the SB, we looked for the best agreement between sur-
face and satellite SB timing. An independent classiﬁcation
of synoptic categories performed for the ten summer days re-
vealed two distinct patterns of the SB. During weak horizon-
tal pressure gradient (Weak Persian Trough and High to the
West), which enables full development of the SB, the tim-
ing of the SB from satellite and ﬁeld measurements were
well correlated (R2 =0.75), as compared to unfavorable at-
mospheric conditions (Deep Persian Trough) yielding lower
value (R2 =0.5). The SB was identiﬁed by surface measure-
mentsinanearliertimeoftheday,withrespecttothesatellite
column integrated measurements.
Visualizing timing of the SB retrieved from satellite data
enabled distinction of SB behavior under different synoptic
categories. Over desert regions the strong thermal contrast
enables detection of the SB even under suppressing synoptic
conditions (Deep Persian Trough).
This method enables detection and timing of the SB over
desert regions where clouds and ﬁeld measurements are
scarce, and is applicable worldwide.
1 Introduction
The sea breeze (SB) is a boundary layer phenomenon that
occurs at coastal locations throughout the world and prob-
ably the most analyzed mesoscale circulation system. It is
caused as a response to thermal forcing generated by the day-
time differential surface heating between land and sea. This
heating creates a corresponding horizontal pressure gradient
that enables cool marine air to propagate inland. The SB is
also inﬂuenced by the strength and direction of the synoptic-
scale wind patterns. Over sub-tropical regions such as the
East Mediterranean (EM), it is a phenomenon of the sum-
mer season when the land-sea temperature difference is the
largest and weaker large-scale winds prevail.
Ample studies of this phenomenon have been devoted to
analytic aspects (e.g. Young and Zhang, 1999; Qian et al.,
2009; Dalu et al., 2003), observational aspects (e.g. Drobin-
ski et al., 2006; Federico et al., 2010; Azorin-Molina et al.,
2011) and to numerical modeling (e.g. Chen et al., 2011;
Crosman and Horel, 2010; Grøn˚ as and Sandvik, 1998; Pa-
panastasiou et al., 2010a; Rao et al., 2011; Soler et al., 2011).
The impact of this thermally induced circulation is of
many facets. It plays an important role on human comfort
by suppressing daytime thermal stress associated with heat
wave events (Papanastasiou et al., 2010b), on migrating soar-
ing birds which exploit the updraft associated with the sea
breeze converging lines (Alpert et al., 2000), and on cross
shore transport of marine nutrients across the continental
shelf (Hendrickson and MacMahan, 2009). Pollution levels
mainly over coastal cities (Mangia et al., 2010; Papanasta-
siou and Melas, 2009) are also often associated with the land
and sea breeze (LSB) air mass horizontal recirculation. This
process refers to the rotation of the wind direction due to the
diurnal cycle of the LSB causing a polluted air mass to return
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to its source region the next day contributing to an increase
of pollution levels (Levy et al., 2008).
Signiﬁcant progress in remote sensing of essential atmo-
spheric parameters and their derived phenomena was made
during the last two decades. This improved much our under-
standing of fundamental processes within the atmospheric
boundary layer such as LSB. Azorin-Molina et al. (2009)
used daytime polar-orbiting environmental satellites (POES)
to obtain spatial distribution of convective areas associated
with the sea breeze over the Iberian Mediterranean zone.
They identiﬁed the location of preferential sea-breeze con-
vergence zones in relation to the shape of coastline and oro-
graphic effects. Additionally, they used mean boundary layer
wind speed and direction to provide statistics about the effect
of prevailing large-scale ﬂows on sea-breeze convection.
Damato et al. (2003) also used daytime POES to estimate
the occurrence of sea breeze fronts (SBF) in Western Eu-
rope and their inland penetration. They concluded that their
method and its results showed two main limitations:
i Days with clear sky were excluded even though a sur-
face land-sea thermal gradient and weak prevailing
wind could allow sea-breeze development and inland
penetration.
ii The satellite data were collected at non-homogeneous
hours in early afternoon. Therefore, the analysis did not
take into account the maximum inland penetration of
the SB.
Planchon et al. (2006) overcame the second limitation by us-
ing geostationary satellite data (GOES-8) to locate the max-
imal penetration of the SB adopting a similar methodology,
i.e. identifying low-level clouds.
Herewewilldemonstrateanewobjectivemethodtodetect
the timing of the SB using continuous sequences of data from
geostationary satellite that does not rely on the presence of
clouds, but rather on thermal infrared radiation emitted from
the surface in clear sky conditions. This approach ﬁlls the
gap of both abovementioned limitations.
In this study, wind speed and direction from surface me-
teorological data over Israel are used concurrently with the
satellite data. Since synoptic conditions affect the SB circu-
lation and its spatiotemporal behavior, the three typical sea-
level pressure (SLP) synoptic categories in the summer over
the EM were analyzed. These are the weak and deep modes
of the Persian trough (WPT and DPT respectively) and High
to the West (HW). The Persian trough is an extension of
a low-pressure system over the Persian Gulf reaching the
EM region. The HW synoptic conﬁguration extends from the
Azorean High. All three types advect cool and moist marine
air at shallow atmospheric layers from the Mediterranean Sea
onshore. Synoptic conditions favorable for mesoscale ther-
mally induced SBs are characterized by weak large scale
forcing (Klai´ c et al., 2009; Planchon et al., 2006) allow-
ing for mesoscale phenomenon to come into effect. Levy et
al. (2008) based on a quantitative measure of wind recircula-
tion found a high frequency of mesoscale dominant ﬂows as
being attributed to weak synoptic scale forcing, namely, the
WPT and HW ﬂow patterns.
Numerous analytical and model derived studies on the SB
behavior over Israel have been published. In one of the earli-
est studies, Neumann and Mahrer (1971) improved Estoque’s
model based on some modiﬁcations made so as to circum-
vent the violation of mass concentration. Alpert et al. (1982)
developed a model to simulate the sudden incursion of the
cool Mediterranean SBF to the EM in the summer months,
however, they pointed at inaccuracies in the model’s predic-
tion of the time of onset of the strong winds characterizing
the SBF penetration.
The following section will demonstrate a method to detect
the SB in a single location using concurrent time series of
surface meteorological data and geostationary satellite data
from one pixel. In section three, results from the remote sens-
ing analysis will be presented, along discussion on the inﬂu-
ence of different synoptic categories on the SB spatiotempo-
ral characteristics. A summary section will close this paper.
2 Data and methods
Surface and 500hPa reanalysis data, and radiosonde data are
used for the synoptic classiﬁcation, which is described in the
next section. Wind speed and direction from surface meteo-
rological data are used for local in-situ detection of the SB,
while satellite data for a broad coverage of the SB timing
and onshore penetration. The detection of the timing of the
SB from satellite data is based on the thermal contrast be-
tween cool marine-air and underlying warm terrain and is
performed independently from surface data (see animation of
the SB from the MSG satellite used here in the Supplement).
In order to assess the impact of the synoptic induced ﬂow
on the SB, we looked for the best agreement between surface
and satellite SB timing. An independent classiﬁcation of syn-
optic categories performed for the ten summer days revealed
two distinct patterns of the SB, which will be presented and
discussed in Sect. 3.
2.1 Meteorological data
Surface meteorological data of ﬁne temporal resolution over
Israel were made available in recent years. Figure 1 shows
the location of the meteorological stations that were used
here. In order to select adequately days representing the three
synoptic categories, we analyzed summer days from July
2010. For the selection, three quantitative criteria were ap-
plied: the depth of the horizontal pressure gradient of the
synoptic system, the depth of the atmospheric boundary layer
and the ventilation coefﬁcient (VC). VC is the mixed layer
depth multiplied by the mean wind speed in the mixed layer,
a common parameter to assess the dispersion conditions of
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Fig. 1. Location of the meteorological ground stations and the local topography.
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Figure 2. Sea level pressure composite charts over the EM for (a) WPT, (b) DPT and  3	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(c) HW synoptic categories, for the ten selected days (see Table 1).  4	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Fig. 2. Sea level pressure composite charts over the EM for (a) WPT, (b) DPT and (c) HW synoptic categories, for the ten selected days (see
Table 1).
the atmosphere. Dayan et al. (1988) showed signifcant dif-
ferences in mixing depth values for the main two synoptic
categories (DPT and WPT) prevailing during the summer.
Figure 2 shows SLP charts used to derive the horizon-
tal pressure gradient deﬁned quantitatively by the surface-
pressure difference (1P) between Nicosia, Cyprus and
Cairo, Egypt, (Dayan et al., 2002). These ﬁelds were ex-
tracted from the Reanalysis NCEP/NCAR archive (Kalnay
et al., 1996; Kistler et al., 2001) for the ten selected clear
days of July 2010. The mixing layer depth, mean wind speed
in the mixed layer and the ventilation coefﬁcient were cal-
culated from the 12:00UTC Beit-Dagan (Israel) radiosonde
(Table 1).
2.2 SB detected by a single meteorological station and
satellite data
Alpert and Rabinovich-Hadar (2003) developed an auto-
mated method based on thresholds to detect the SBF. Their
method relies on a subjective inspection of time series of dif-
ferent parameters from surface meteorological stations in an
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Table 1. Parameters used for the synoptic classiﬁcation of the ten selected days.
1P Nicosia, Mean mixing Mixing Ventilation
Date Synop. Cairo Avg GPH500 depths WS depth Avg coefﬁcient Avg
Category [hPa] ﬂowa [ms−1] [m] [m2 s−1]
25 July 2010 1.5
Zonal
4.5 578 2601
26 July 2010 HW −1.0 0.5
Anticycl.
4.4 420 528 1848 2344
27 July 2010 1.0 4.4 587 2583
5 July 2010
WPT
1.0
0.75 Anticycl.
3.5 526
546
1841
1821
6 July 2010 1.0 3.3 401 1303
7 July 2010 1.0 3.1 651 2018
16 July 2010 0 3.5 606 2121
1 July 2010 2.0 3.8 1053 4001
21 July 2010 DPT 2.5 2.3 Cyclonic 5.0 1096 1020 5480 4192
22 July 2010 2.5 3.4 910 3094
a Geopotential height at 500hPa (GPH500) is a descriptive measure of the cyclonic/anticyclonic ﬂow in the upper atmosphere.
area of 20 by 40km over the southern coast of Israel. They
used data from two periods in July 1993 and 1994 represent-
ing the summer regardless of the differing synoptic circula-
tion systems characterizing this season.
In this study, a 10min interval time series of wind speed
anddirectionthatmanifeststheSBwereusedfrom11meteo-
rological stations (Fig. 1). The SB threshold values obtained
were: stabilization in wind direction (±8◦ for 90min), and
increase of wind speed to 0.6 of its diurnal amplitude. These
criteria were retrieved objectively using the wholedata set, as
explained in the next section. Figure 3a and b demonstrates
the detection of the SB timing using the wind speed (Fig. 3a)
and wind direction (Fig. 3b) thresholds in 7 July 2010, over
the western Negev Desert (Halutza meteorological station,
see Fig. 1) during WPT synoptic conditions. These criteria
were searched in a time interval when the SB is expected to
pass the meteorological station according to its distance from
the coast. The time interval (tearly :tlate) is set as follows:
tearly = tcoast
early +dist/vmax (1)
tlate = tcoast
late +dist/vmin
where tcoast
early (10:00LT) and tcoast
late (13:00LT) are the early
and late time, during which the SBF is expected to cross
the coastline eastwards at a typical speed of 2 (vmin) to 5
(vmax)ms−1, and dist is the distance from coastline. The ob-
jectively retrieved times for the SB are indicated by crosses
in Fig. 3.
The description of SB timing derived from satellite, done
independently, will follow. The wind speed and direction
thresholds were optimized in an iterative manner against
Spinning Enhanced Visible and Infrared Imager (SEVIRI)
data. SEVIRI is mounted onboard Meteosat Second Gen-
eration (MSG) – the European geostationary satellite. SE-
VIRI has 11 spectral channels with 3km spatial resolution at
nadir and 15min temporal resolution (Schmetz et al., 2002),
enabling continuous detection. The archived data are freely
available through the EUMETSAT Earth Observation portal
at https://eoportal.eumetsat.int. The thermal impact of the SB
on the surface temperature can be seen in Fig. 4. Channel 9
(10.8µm) brightness temperature (BT) data for the dates in
Table 1 was used for the SBF detection.
Land surface temperature is affected by a number of fac-
tors, e.g. solar radiation, weather conditions such as air mass
temperature, cloudiness and sea breeze. The solid red line in
Fig. 3c shows the BT from the pixel collocated with Halutza
meteorological station, at the same time interval as in Fig. 3a
and b. The climatology (dotted line) was calculated using
temporal Fourier analysis as in Lensky and Dayan (2011).
The red line in Fig. 3d is the deviation of the pixels BT from
the expected climatology (1T), and the dashed line is the
zero-difference-line. We expect the SB to decrease the sur-
face temperature; therefore we looked for minimum in 1T
in the time interval when the SB is expected to pass in that
pixel (Eq. 1).
3 Results and discussion
The diurnal variation of wind speed and direction typifying
a WPT (7 July 2010) shows weak and variable winds until
the onset of the SB at 12:00LT (Fig. 3a and b). The stronger
large-scale conditions characterizing DPT (21 July 2010), re-
sulting in stronger westerly winds, which persist throughout
the day, suppresses mesoscale processes (Fig. 3e and f). This
is manifested also in the collocated satellite data in Fig. 3h
in which a large 1T is observed from 06:30LT persisting
for nine hours, which is attributed to large-scale cold air ad-
vection. In Fig. 3d large 1T is observed only from 12:00LT,
lastingforthreehours,whilewindazimuthstabilizesaswest-
erlies and intensify.
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Figure  3.  Detecting  the  sea  breeze  using  time  series  from  7  July  2010,  2	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representing WPT synoptic category, of wind speed (a) and wind direction (b)  3	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from  Halutza  meteorological  station.  The  red  lines  in  (a)  and  (b)  are  running  4	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average over three 10 min. time steps. The red line in (c) represents time series of  5	 ﾠ
brightness temperature from MSG pixel collocated with Halutza meteorological  6	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station. The dotted line represents the climatological BT for that pixel. The thin  7	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red line in (d) is the deviation of the pixels BT from its expected climatological  8	 ﾠ
value (horizontal black dashed line). The SBF is searched in the time interval  9	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(tearly:tlate)  according  to  its  distance  from  the  coast.  The  maximal  deviation  is  10	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detected at 13:45 LT in (d). The dashed purple line in (d) is a Gaussian with σ ~  11	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1hr, typical to meso-scale disturbance. Panels (e,f,g,h) are the same as (a,b,c,d) for  12	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21 July 2010, representing DPT synoptic category. Note the stronger winds (e),  13	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the uniform wind direction after 11:00 LT (f), and the large discrepancy between  14	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Fig. 3. Detecting the sea breeze using time series from 7 July 2010, representing WPT synoptic category, of wind speed (a) and wind
direction (b) from Halutza meteorological station. The red lines in (a) and (b) are running average over three 10min. time steps. The red
line in (c) represents time series of brightness temperature from MSG pixel collocated with Halutza meteorological station. The dotted line
represents the climatological BT for that pixel. The thin red line in (d) is the deviation of the pixels BT from its expected climatological value
(horizontal black dashed line). The SBF is searched in the time interval (tearly :tlate) according to its distance from the coast. The maximal
deviation is detected at 13:45LT in (d). The dashed purple line in (d) is a Gaussian with σ ∼1h, typical to meso-scale disturbance. Panels
(e, f, g, h) are the same as (a, b, c, d) for 21 July 2010, representing DPT synoptic category. Note the stronger winds (e), the uniform wind
direction after 11:00LT (f), and the large discrepancy between the MSG measured BT (red line) and the climatological values (dotted line)
between 07:00 and 15:00LT, representing synoptic scale cold advection featuring DPT (g). The Gaussian in (h) shows σ >4h representing
a synoptic-scale disturbance, and does not ﬁt the observed deviation as well as the Gaussian in (d) since the disturbance in this case stems
from cold advection of synoptic scale nature.
In cases where sustained onshore synoptic ﬂow mask the
SB, its detection can be regarded as false alarm. In order
to avoid such false alarm cases, a parameter that estimates
whether the “disturbance” (1T) is of a meso or synoptic –
scale nature was adopted. In Fig. 3d the deviation from cli-
matology (1T) is presented as solid red line, together with
a Gaussian (Eq. 2) simulating a disturbance generated by a
mesoscale or synoptic-scale wind ﬂow presented as dashed
purple lines in Fig. 3d and h.
f(t) = const+
1
σ
√
2π
·e
−(t−µ)2
2σ2 (2)
where t is the time, µ is the time of the maximal 1T, σ is the
standard deviation which estimates the duration of the dis-
turbance, and σ2 is the variance. The agreement between the
Gaussian and the deviation from climatology is also quanti-
ﬁed by calculating the sum square of the residuals between
them (Mor´ e and Wright, 1993). It is evident in Fig. 3d for
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Figure 4. MSG channel 9 (10.8 µm) brightness temperature from 7 July 2010  2	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14:00 LT. The three red arrows point to the thermal impact of the SB on the  3	 ﾠ
surface temperature. An animation depicting the progression of the SB from 9:30  4	 ﾠ
to 17:00 LT can be found in the supplementary.  5	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Fig. 4. MSG channel 9 (10.8µm) brightness temperature from 7
July201014:00LT.Thethreeredarrowspointtothethermalimpact
of the SB on the surface temperature. An animation depicting the
progression of the SB from 09:30 to 17:00LT can be found in the
supplementary.
the WPT case that mesoscale feature is dominant (σ ∼1h)
where the Gaussian ﬁts nicely the deviation from climatol-
ogy,ascomparedtotheDPTcaseinFig.3hwherethedashed
purple line does not ﬁt well the deviation from climatology,
and the disturbance duration (σ) exceeds 4h.
The scatter plot in Fig. 5 shows the relationship between
the timing of the SB detected by all 11 surface meteorolog-
ical stations for the ten days analyzed vs. the timing of the
SB as detected by the collocated MSG pixels, as inferred by
the maximum discrepancy of the measured BT from its cli-
matological value (1T). Figure 5a presents the timing of the
SB using MSG data vs. the timing of the SB using the wind
speed criterion for the weak horizontal pressure gradient syn-
optic categories (WPT and HW). Figure 5d shows the same
for the strong horizontal pressure gradient (DPT). The tim-
ing of the SB for each meteorological station was calculated
using the procedure shown in Fig. 3. The same method was
adopted for the wind direction criteria (Fig. 5b and e). An
additional parameter combining both former parameters is
shown in Fig. 5c and f.
The correlations obtained, as expected, were higher
for days characterized by weak synoptic scale forcing
(R2 =0.75) as compared to days classiﬁed as DPT (R2 =0.5),
where the dominant large scale westerly ﬂow overrides the
daytime land-sea differential surface heating. These con-
ditions reﬂect the suppression of mesoscale phenomenon
(Klai´ c et al., 2009; Planchon et al., 2006).
Satellite measurements at 10.8µm are dominated by the
surface skin temperature, which lags behind the air tempera-
ture. This explains the observed bias in the SB timing using
the wind speed criterion vs. that of the MSG (Fig. 5a and d).
In addition, satellite measurements are column integrated, as
compared to the surface meteorological data. The SB verti-
cal structure behaves as a weak cold front, and as such, is
detected ﬁrst at shallow tropospheric layers, and only later at
higher altitudes.
The correlations of Fig. 5 were also used to objectively
derive the surface meteorological criteria for the timing of
the SB. These criteria were optimized to attain the highest
correlations in an iterative manner. By this procedure the best
agreement between the satellite and surface meteorological
stations perspective is achieved.
Geostationary satellite enables the best spatio-temporal
observations of the dynamical processes on Earth. The
methodology shown here to derive the timing of the SB from
a single pixel enables a spatio-temporal analysis of the SB
over larger domains including remote areas with no available
surface data.
The colours in Fig. 6 represent the timing of the SB de-
duced from maximum deviation of the BT from its climato-
logicalvalueasdemonstratedforasinglepixel(Fig.3d).Fig-
ure 6a shows the SB timing for 7 July 2010 over the EM and
the North African coast under WPT conditions, and (Fig. 6b)
for 21 July 2010, during DPT conditions. The gradual green-
yellow-red colours depict the propagation of the SB from
the coast inland, where green represents 11:30–13:30, yellow
13:30–14:30,andredfrom14:30to16:00LT.Thisanalysisis
based on time series derived from individual pixels indepen-
dently from adjacent pixels. The obtained colour sequences
reﬂect the propagation of the disturbance. The orientation of
these sequences with regard to the coastline, and the timing
of its propagation, indicates that the identiﬁed process is the
SB.
To eliminate pixels with false alarm detection, we applied
the two criteria presented in Fig. 3. The ﬁrst is selecting pix-
els with mesoscale disturbance duration (σ <2h). For these
pixels we apply a second criterion based on a threshold re-
ﬂecting the degree of agreement between the model and the
disturbance,wherepixelsthatdidnotmeetthiscriterionwere
excluded. These criteria were applied to all the pixels as dis-
played in Fig. 6.
Figure 6 depicts the SB timing after ﬁltering out pix-
els identiﬁed as false alarm, showing only areas with grad-
ual colors featuring the onshore SB penetration. The in-
land desert subtropical regions at the bottom of Fig. 6 with
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Figure 5. Scatter plots of SB timing (LT) as detected by surface stations (a,d-wind  2	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speed, b,e-wind direction and c,f-combined) vs. satellite (MSG) for WPT and HW  3	 ﾠ
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Fig. 5. Scatter plots of SB timing (LT) as detected by surface stations (a, d-wind speed, b, e-wind direction and c, f-combined) vs. satellite
(MSG) for WPT and HW (a, b, c) and DPT (d, e, f) synoptic categories.
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Figure 6. Timing of the SB in local time displayed for (a) July 7 2010 (WPT), and  2	 ﾠ
(b) July 21 2010 (DPT). The green-yellow-red color bar represents the timing of  3	 ﾠ
maximum  deviation  of  MSG  10.8µm  brightness  temperature  from  its  4	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climatological  value  (see  Fig.  3d)  for  pixels  with  σ  <  2  hrs  and  passed  the  5	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“agreement” threshold as demonstrated for a single pixel in figures 3d and 3h. The  6	 ﾠ
gradual green-yellow-red colour pattern depicts the SB propagation.  7	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Fig. 6. Timing of the SB in local time displayed for (a) 7 July 2010 (WPT), and (b) 21 July 2010 (DPT). The green-yellow-red color bar
represents the timing of maximum deviation of MSG 10.8µm brightness temperature from its climatological value (see Fig. 3d) for pixels
with σ <2h and passed the “agreement” threshold as demonstrated for a single pixel in Fig. 3d and h. The gradual green-yellow-red colour
pattern depicts the SB propagation.
extreme hot surface temperature at noontime, intensify the
SB circulation. Moreover, the contrast between the cool ma-
rine air mass ﬂowing over the hot underlying ground facili-
tates the detection of the propagation of the abovementioned
thermal disturbance. Noteworthy, the stronger northerly SB
ﬂow over North Africa in Fig. 6a which penetrates faster and
further inland as compared to the SB over the southern coast
of Israel in Fig. 6b.
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4 Summary
In this study remote sensing data and concurrent ﬁeld mea-
surements were used to detect and characterize the SB in
clear sky conditions in the summer, when the conditions for
this mesoscale circulation system are most favorable. Visu-
alizing timing of the SB retrieved from remote sensing data
enabled the distinction of SB behavior under different syn-
optic categories. Over desert regions the strong thermal con-
trast enables detection of the SB under synoptic conditions
characterized by strong horizontal pressure gradient (DPT).
The SB was identiﬁed by surface measurements in an earlier
time of the day, with respect to the satellite column integrated
measurements. This method enables detection and timing of
the SB over desert regions where clouds and ﬁeld measure-
ments are scarce, and is applicable worldwide.
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